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Abstract
The pressure dependencies of the magnetic and superconducting transitions, as well as that of the
superconducting upper critical field, are reported for single crystalline EuRbFe 4 As 4 . Resistance
measurements were performed under hydrostatic pressures up to 6.21 GPa and in magnetic fields up to 9 T.
Zero-field-cooled magnetization measurements were performed under hydrostatic pressures up to 1.24 GPa
under 20 mT applied field. Superconducting transition temperature, T c , up to 6.21 GPa and magnetic
transition temperature, T M , up to 1.24 GPa were obtained and a pressure-temperature phase diagram was
constructed. Our results show that T c is monotonically suppressed upon increasing pressure. T M is linearly
increased up to 1.24 GPa. For the studied pressure range, no signs of the crossing of T M and T c lines are
observed. The normalized slope of the superconducting upper critical field is gradually suppressed with
increasing pressure, which may be due to the continuous change of Fermi velocity v F with pressure.
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The pressure dependencies of the magnetic and superconducting transitions, as well as that of the super-
conducting upper critical field, are reported for single crystalline EuRbFe4As4. Resistance measurements were
performed under hydrostatic pressures up to 6.21 GPa and in magnetic fields up to 9 T. Zero-field-cooled
magnetization measurements were performed under hydrostatic pressures up to 1.24 GPa under 20 mT applied
field. Superconducting transition temperature, Tc, up to 6.21 GPa and magnetic transition temperature, TM, up
to 1.24 GPa were obtained and a pressure-temperature phase diagram was constructed. Our results show that
Tc is monotonically suppressed upon increasing pressure. TM is linearly increased up to 1.24 GPa. For the
studied pressure range, no signs of the crossing of TM and Tc lines are observed. The normalized slope of the
superconducting upper critical field is gradually suppressed with increasing pressure, which may be due to the
continuous change of Fermi velocity vF with pressure.
DOI: 10.1103/PhysRevB.99.144509
I. INTRODUCTION
New members of the Fe-based superconductors (FeSC)
family, AeAFe4As4 (Ae = Ca, Sr; A = K, Rb, Cs), the so-
called 1144 compounds, were discovered by Iyo et al. in
2016 [1]. Different from a homogeneous, random substitution,
as in (Ae0.5A0.5)Fe2As2 where Ae/A share the same crys-
tallographic site and retain the parent-compound symmetry
I4/mmm, these new members crystallize into structural type
P4/mmm where Ae and A have their own unique crystal-
lographic sites and form alternating layers along the c axis
[1,2]. Since discovery, the 1144 compounds have received
significant attention because these stoichiometric compounds
offer new, clean platforms for the study of, among other
things, the relation between superconductivity and possible
long-range magnetic order in the FeSC. Moreover, a new type
of magnetic order, spin-vortex-crystal order, has been realized
in Co- and Ni-substituted CaKFe4As4, which was argued to
be strongly related to its structure [3].
Among the new 1144 compounds, the Eu(Rb, Cs)Fe4As4
compounds have been studied intensively due to the pos-
sible coexistence of superconductivity and ferromagnetism
[2,4–8]. Polycrystalline Eu(Rb, Cs)Fe4As4 compounds were
first discovered in 2016 and were shown to be superconductors
with Tc ∼ 35 K and a magnetic transition temperature TM ∼
15 K [2]. Different from the undoped EuFe2As2 where Eu2+
orders antiferromagnetically [9–11], the magnetic transition
in RbEuFe4As4 is suggested to be ferromagnetic, which is
associated with the ordering of the Eu2+ moments perpen-
dicular to the crystallographic c axis [4,8]. Though the exact
magnetic structure of EuRbFe4As4 has not been established
*ives@iastate.edu
†canfield@ameslab.gov
so far, the possible coexistence of superconductivity and
ferromagnetism makes EuRbFe4As4 one of the systems where
the relation between these states may be studied [12–24].
Two substitution studies on polycrystalline EuRbFe4As4
have been published. On one hand, Ni substitution on the
Fe site suppresses Tc whereas TM is almost unchanged [25].
On the other hand, substitution of nonmagnetic Ca on the
Eu site suppresses TM while Tc is almost unchanged [26].
Both of these results suggest that superconductivity and
ferromagnetism are almost independent of each other in
this system. An optical investigation on single crystalline
EuRbFe4As4 suggests weak interaction between supercon-
ductivity and ferromagnetism and that superconductivity is
affected by the in-plane ferromagnetism mainly at domain
boundaries [7].
Pressure, as another commonly used tuning parame-
ter, is considered less perturbing than substitution because
it does not introduce chemical disorder into the system.
A high pressure study up to ∼30 GPa on polycrystalline
Eu(Rb, Cs)Fe4As4 shows that for both compositions, upon
increasing pressure, Tc is suppressed while TM is enhanced,
and they cross near 7 GPa [27]. In addition, a half-collapsed-
tetragonal (hcT) phase transition, similar to the one observed
in the CaKFe4As4 series [28,29], is suggested to take place
at ∼10 GPa for EuRbFe4As4 and ∼12 GPa for EuCsFe4As4
[27], which is roughly consistent with theoretical calcula-
tions [30]. In this high-pressure study, signatures of tran-
sitions are broad, and zero resistance was never achieved
below Tc due, most likely, to the use of polycrystalline
samples.
In this work, we present a pressure study on single crys-
talline EuRbFe4As4 up to 6.21 GPa. From resistance measure-
ments up to 6.21 GPa and magnetization measurements up to
1.24 GPa, Tc and TM are tracked and presented in a pressure-
temperature (p-T ) phase diagram. Our results show that Tc
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FIG. 1. (a),(b) Evolution of the in-plane resistance with hydro-
static pressures up to 6.21 GPa measured in a mBAC for EuRbFe4As4
sample 1 and sample 2, respectively. (c),(d) Blowups of the low
temperature region showing the superconducting transition. The
criterion for T offsetc is indicated by an arrow in (c).
is monotonically suppressed and TM is linearly increased.
Further superconducting upper critical field analysis indicates
no qualitative change of Fermi surface within the studied
pressure range.
II. EXPERIMENTAL DETAILS
High-quality single crystals of EuRbFe4As4 with sharp
superconducting transitions at ambient pressure [see Figs. 1(c)
and 1(d) and Fig. 5(b) below] were grown as described in
Ref. [5]. The ab in-plane ac resistance measurements un-
der pressure for two samples, 1 and 2, were performed in
a Quantum Design Physical Property Measurement System
(PPMS) using a 1 mA excitation with frequency of 17 Hz, on
a cooling rate of 0.25 K/min. A standard, linear four-contact
configuration was used. Contacts were made by soldering
25 μm Pt wires to the samples using a Sn:Pb 60:40 alloy.
The magnetic field was applied along the c axis. A modified
Bridgman anvil cell (mBAC) [31] was used to apply pressure
up to 6.21 GPa. Pressure values at low temperature were
inferred from the Tc(p) of lead [32]. Hydrostatic conditions
were achieved by using a 1:1 mixture of isopentane:n-pentane
as the pressure medium for the mBAC, which solidifies at
∼6.5 GPa at room temperature [33].
Low-field (20 mT) dc magnetization measurements under
pressure were performed on several pieces of single crystals
(referred together as sample 3) in a Quantum Design Magnetic
Property Measurement System (MPMS-3) superconducting
quantum interference device (SQUID) magnetometer. A com-
mercially available HMD Be-Cu piston-cylinder pressure cell
[34] was used to apply pressures up to 1.24 GPa. Daphne
oil 7373 was used as a pressure medium, which solidifies at
2.2 GPa at room temperature [35], ensuring hydrostatic con-
ditions. Superconducting Sn was used as a low-temperature
pressure gauge [36].
III. RESULTS AND DISCUSSIONS
Figures 1(a) and 1(b) present the pressure dependence of
the temperature dependent resistance for EuRbFe4As4. Two
samples, sample 1 and sample 2, were measured in the mBAC
for pressures up to 4.69 or 6.21 GPa. For both samples, resis-
tance decreases upon increasing pressure. At ambient pressure
for T ∼ 35 K, a superconducting transition was observed and
zero resistance was achieved for both samples. Below Tc,
no features associated with the magnetic transition TM are
observed in the R(T ) curves down to 1.8 K. Figures 1(c)
and 1(d) show blowups of the low-temperature resistance.
For both samples, the superconducting transition at ambient
pressure is very sharp, demonstrating good homogeneity of
the single crystals. As shown in the figures, upon increasing
pressure, Tc monotonically decreases in the studied pressure
range. A gradually broadening of the superconducting transi-
tion was also observed in both samples. Similar behavior has
been observed in many other superconductors measured in the
mBAC cell and is likely due to the pressure inhomogeneity
when high loads are applied.
To better visualize the pressure evolution of resistance, we
present in Fig. 2 the pressure dependent resistance R(p) at
fixed temperatures. As shown in the figure, different from
the CaKFe4As4 series [28,29], resistance of EuRbFe4As4 at
various temperatures shows a smooth decrease as a function
of pressure without any obvious anomalies. This implies the
absence of structural transition up to 6.21 GPa, which is
consistent with the results in Ref. [27] and predictions in
Ref. [30] where the hcT phase transition is suggested to take
place at ∼10 GPa. The total suppression of resistance at 40 K
under pressure, ∼55% up to 4 GPa and ∼65% up to 6.21 GPa,
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FIG. 2. Pressure dependence of resistance R(p) at fixed temper-
atures for EuRbFe4As4 sample 1 (a) and sample 2 (b).
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FIG. 3. Temperature dependence of resistance under magnetic
field up to 9 T for selective pressures for sample 2. Criteria for T offsetc
under magnetic fields are indicated by arrows. Current was applied
in-plane and magnetic field was applied along the c axis.
is rather large compared with the CaKFe4As4 series, where
the suppression at 40 K is 30%–40% up to 4 GPa, i.e., before
hcT happens [28,29]. Another indication that a potential hcT
phase transition has not been reached is the fact that the
superconducting transitions shown in Figs. 1 and 3 are not
significantly broadened and the upper critical fields, Hc2,
remain high over our pressure range. Both CaKFe4As4 series
[28,29] as well as Co-substituted CaFe2As2 [37,38] show loss
of bulk superconductivity at the collapsed-tetragonal or lowest
hcT transitions.
Temperature dependent resistance under magnetic fields up
to 9 T applied along the c axis was studied and the results
are presented in Fig. 3 for selected pressures for sample 2.
As shown in the figure, below Tc, no features associated
with the magnetic transition TM are observed and zero re-
sistance persists down to 1.8 K with fields up to 9 T under
all pressures. For temperatures above the superconducting
transition, a decrease of resistance under applied magnetic
field is observed. The upper superconducting critical field,
Hc2, can be obtained from Fig. 3 using the offset criteria
defined in Figs. 1–3. The temperature dependence of Hc2 at
various pressures for sample 1 and sample 2 is presented in
Fig. 4. For both samples, Hc2 is systematically suppressed
by increasing pressure. Hc2 is linear in temperature except,
for magnetic fields below 2 T, the bending of Hc2(T ) curves
is more obvious at higher pressures. The curvature at low
fields has been observed in other FeSC [29,39–42] and can be
explained by the multiband nature of superconductivity [43],
which is likely the case in EuRbFe4As4 [7].
To study the evolution of the magnetic transition with
pressure, we present, in Fig. 5, the dependence of the
zero-field-cooled magnetization M(T ) data. During the
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FIG. 4. Temperature dependence of the upper superconducting
critical field, Hc2(T ), under selected pressures for (a) sample 1 and
(b) sample 2.
measurements, pressure was increased up to 1.24 GPa un-
der 20 mT applied magnetic field. As shown in Figs. 5(a)
and 5(b), the superconducting transition of EuRbFe4As4 is
determined from the onset of diamagnetism at T ∼ 35 K.
Whereas Tc monotonically decreases with pressure [Fig. 6(a)],
there is a highly nonmonotonic change in the diamagnetism
associated with the superconducting state [Figs. 5(a) and
5(b)]; we attribute this variation to the likely change of the
de-magnetization factor, which happens as a result of the
sample position changes when pressure is changed. Another
kink-like anomaly is observed at T ∼ 16 K. We associated
this anomaly with the magnetic transition TM. Pressure values
at low temperature were inferred from the superconducting
transition of Sn, which also shown up in the data set at
T ∼ 3.7 K, i.e., way below Tc and TM of EuRbFe4As4 (as
indicated inside the pink circle in the figure). Figure 5(b)
shows the blowup of the superconducting transition region of
EuRbFe4As4, demonstrating that Tc is suppressed as pressure
is increased. To determine the magnetic transition temperature
TM, temperature derivative of the magnetization, dM/dT , was
calculated and is presented in Fig. 5(c). The temperature
corresponding to the minimum in dM/dT was taken as TM,
as indicated in the figure. It is clearly seen that TM is increased
upon increasing pressure.
We summarize the Tc and TM values inferred from both
resistance and magnetization measurements in the pressure-
temperature (p-T ) phase diagram shown in Fig. 6(a). To
be consistent, T offsetc determined from resistance measure-
ments [Fig. 1(c)] and T onsetc determined from magnetization
measurements [Fig. 5(b)] were used and they match with
each very well. As shown in Fig. 6(a), Tc of EuRbFe4As4
is monotonically suppressed upon increasing pressure up to
6.21 GPa. Starting with Tc = 36.6 K at ambient pressure, Tc
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FIG. 5. (a) Evolution of the zero-field-cooled (ZFC) magne-
tization M(T ) with hydrostatic pressures up to 1.24 GPa under
20 mT applied field. Superconducting transition of Sn is used
to determined the low temperature pressure, as indicated by the
pink circle. (b) Blowup of the superconducting transition region
for EuRbFe4As4. The criterion for T onsetc is indicated by an arrow.
(c) Temperature derivative of the magnetization, dM/dT , showing
the evolution of the magnetic transition TM. The criterion is indicated
by an arrow. The small feature just above 15 K is an artifact caused
by the combination of small temperature steps and details of the
temperature control in MPMS-3.
is suppressed to 23.5 K at 6.21 GPa. In terms of magnetic
transition TM, it is linearly increased from 16.2 K at ambient
pressure to 18.2 K at 1.24 GPa, with the rate of dTM/d p =
1.64 K/GPa. To better understand the superconducting prop-
erties of EuRbFe4As4, we further analyze the superconducting
upper critical field [29,41,42,44]. Generally speaking, the
slope of the upper critical field normalized by Tc is related
to the Fermi velocity and superconducting gap of the system
[43]. In the clean limit, for a single band,
−(1/Tc)(dμoHc2/dT )|Tc ∝ 1/v2F , (1)
where vF is the Fermi velocity. Even though the superconduc-
tivity in EuRbFe4As4 compounds is likely to be multiband,
Eq. (1) can give qualitative insight into changes induced by
pressure. As shown in Fig. 6(b), the normalized slope of
the upper critical field −(1/Tc)(dμoHc2/dT )|Tc (the slope
dμoHc2/dT is obtained by linearly fitting the data above
2 T in Fig. 4) is gradually suppressed by a factor of ∼2.5
upon increasing pressure up to 6.21 GPa. No features in the
normalized slope that could be associated with band structure
change or Lifshitz transition, like the cases in many other
Fe-based superconductors [29,41,42,44], are observed over
the studied pressure range. Furthermore, the R(p) curve at
40 K [Fig. 2(b)], a temperature that is close to Tc but still above
FIG. 6. (a) Pressure-temperature phase diagram of EuRbFe4As4,
as determined from resistance and magnetization measurements. Red
and black symbols represent the superconducting T offsetc and mag-
netic TM phase transitions. (b) Pressure dependence of the normalized
upper critical field slope −(1/Tc )(dμoHc2/dT )|Tc . The squares and
triangles are data obtained from resistance measurement for sample
1 and sample 2, respectively. The diamonds are data obtained from
magnetization measurement. Dashed lines are guides to the eye.
Tc and TM, implies that resistivity is suppressed by a factor of
∼2.7 as well. In a simple argument [45],
ρ ∝ 1/(gF τv2F
)
, (2)
where gF is density of states at the Fermi level and τ is
the scattering time of these Fermi electrons. Equations (1)
and (2), combined together, suggest that the decrease of both
resistivity and −(1/Tc)(dμoHc2/dT )|Tc with pressure can be
explained by pressure induced increase of the Fermi velocity.
Data from this study, on single crystalline samples, and
from the study on polycrystalline samples in Ref. [27] are
plotted together and presented in the combined p-T phase dia-
gram in Fig. 7. As shown in the figure, Tc from this study (de-
termined by the offset of the transition via resistance measure-
ment or onset of diamagnetism) matches very well with the Tc
determined by the onset of diamagnetism in Ref. [27]. TM data
also match with each other over the studied pressure range.
The extrapolation of our TM(p) line in Fig. 6(a) as well as
the data in Fig. 7 suggest that Tc(p) and TM(p) should cross
near 6 GPa. On one hand, the suppression of Tc with pressure
gets stronger when pressure is increased, which might be
related to the fact that Tc(p) and TM(p) are getting closer
at higher pressures. On the other hand, neither our pressure
dependent Tc nor −(1/Tc)(dμoHc2/dT )|Tc data show any
clear signature potentially associated with Tc(p) and TM(p)
crossing. Either they cross at a pressure higher than 6.21 GPa
or their crossing does not have qualitative effect on Tc(p) or
Hc2(T, p).
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FIG. 7. Pressure-temperature phase diagram of EuRbFe4As4 up
to ∼30 GPa, including data from Ref. [27] (open symbols). Open
circles corresponds to the onset of the superconducting transition
measured via resistivity or magnetic susceptibility. Open triangles
corresponds to the magnetic transition determined from magnetic
susceptibility or feature in dρ/dT .
IV. CONCLUSION
In conclusion, the resistance and magnetization of single
crystalline EuRbFe4As4 has been studied under pressure.
In-plane resistance measurements under pressure up to
6.21 GPa reveal that superconducting transition Tc is mono-
tonically suppressed. Magnetization measurements under
pressure up to 1.24 GPa reveal that magnetic transition TM is
linearly increased. No indications of half-collapsed-tetragonal
phase transition are observed up to 6.21 GPa. Further up-
per critical field analysis shows that the normalized slope,
−(1/Tc)(dμoHc2/dT )|Tc , is continuously suppressed upon in-
creasing pressure up to 6.21 GPa, which is likely due to
the continuous change of the Fermi velocity with pressure.
Our results suggest that the magnetism of the Eu sublattice
does not have significant influence on the superconducting
behavior of FeAs layer in EuRbFe4As4.
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